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Abstract

Silicon carbide with a refractory oxide coating is potentially a
very attractive ceramic system. It offers the desirable mechanical
and physical properties of SiC and the environmental durability of
a refractory oxide. The development of a thermal shock resistant
plasma-sprayed mullite coating on SiC is discussed. The durability
of the mullite/siC in oxidizing, reducing, and molten salt
environments is discussed. In general, this system exhibits better
behavior than uncoated SiC. Areas for further developments are

discussed.

I.Introduction

Silicon-based ceramics are leading candidate materials for
high temperature structural applications such as heat exchangers,
advanced gas turbine engines, and advanced internal combustion

engines. Their merits as high temperature materials include high
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temperature strength, high thermal conductivity, low density, and
excellent oxidation resistance in clean oxidizing environments.
Their oxidation resistance is due to the formation of a silica
scale (Sio,) having a very low oxygen permeability.! However,
durability at high temperature environments containing molten
salts,? water vapor,* or a reducing atmosphere®® can limit their
applications. Molten salts react with silica scale to form liquid
silicates. Oxygen readily diffuses through liquid silicates and
rapidly oxidizes the substrate.? High water vapor levels lead to
hydrated silica species,** such as Si(OH),(g) and subsequent
evaporation of protective scale. Complex combustion atmospheres
containing oxidizing (CO,, H,0) and reducing (CO, H,) gases form SiO,
and then reduce it to SiO(g).!”® In situations with extremely low
partial pressures of oxidant, direct formation of SiO(g) occurs.!
All these reactions can potentially limit the formation of a
protective silica scale and thus lead to an accelerated or a

catastrophic degradation.

Due to these potential environmental limitations, there is a
growing need to develop protection schemes for silicon-based
ceramics. One approach is to apply a barrier coating which is
environmentally stable in molten salts, water vapor, and/or
reducing atmospheres. Refractory oxides such as mullite
(3A1,0,.28i0,), yttria-stabilized zirconia (2r0,-Y,0;), or alumina
(Al,0,) are promising candidate coating materials because they are

environmentally more stable than silica in these severe conditions.
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Refractory oxide coatings can also serve as thermal barrier
coatings because of their low thermal conductivity. Thermal barrier
coatings extend the lifetime and temperature capability of the
substrate by reducing the substrate temperature. In addition to
environmental stability, other key requirements for an adherent and
durable barrier coatings include coefficient of thermal expansion
(CTE) match and chemical compatibility with the substrate. Mullite
in general meets all the requirements and thus appears most

promising.

Solar Turbines, Inc.’” and Oak Ridge National Lab.? have done
pioneering work on applying refractory oxide coatings on SiC by
atmospheric pressure plasma spraying and slurry coating,
respectively. Techniques were developed to roughen the surface
which led to good adherence between the coating and substrate. A
range of coatings were applied including mullite, alumina, yttria,
yttria-stabilized zirconia, hafnia (HfO,) , cordierite
(2Mg0.2A1,0,.5510,), and multilayer coatings consisting of these
oxides. In general, mullite and mullite-based coatings such as
mullite/alumina and mullite/yttria coatings were found to adhere
and protect the best of the refractory oxide coatings tested. This
is due to the close CTE match between mullite and SiC. However,
even the mullite or mullite-based coatings tend to crack and debond
on thermal cycling. Molten salt penetrates through the cracks and
attacks the substrate, making them unsuitable for long-term

applications.



As mentioned, the substrate was roughened by etching or grit
blasting.”™ On a monolithic ceramic, this process leads to a
strength degradation. However, as-plasma-sprayed coatings
exhibited a strength distribution equivalent or superior to that of
as-received SiC.!? The retained, or improved, strength of the as-
plasma-sprayed SiC was attributed to the good mechanical bond
between the coating and SiC, presumably providing some 1load

transfer to the coating from failure-initiating defects.!?

The cracking and spallation of the early coatings were
somewhat surprising given the close CTE between mullite and SicC.
Conventionally plasma-spayed mullite coatings contain a 1large
amount of amorphous phase mullite due to the rapid cooling of
molten mullite on a substrate.®! The amorphous phase in the coating
then crystallizes at 950-1000°C during a subsequent exposure in
service.*'"® cCrystallization of amorphous mullite accompanies a
volummetric contraction.™ The stress associated with the volume
change causes the severe cracking observed in the conventionally-
processed mullite coatings. These findings led us to develop a new
generation mullite coatings. In these coatings, the formation of
amorphous mullite phase was eliminated by heating the substrate
above the crystallization temperature during the plasma spraying.®!
The new fully-crystalline coatings showed dramatically improved
adherence, crack-resistance, and chemical stability under thermal

cycling conditions.?



Coating properties can be further tailored to accommodate
specific environmental requirements for various applications. One
approach to modify coating properties is to apply an overlayer

coating by using the mullite as a bond coat.

This paper describes the environmental durability of our new
mullite coatings in air, oxidizing/reducing atmospheres, and molten
salts. Possible overlay coatings and key issues related to the

overlay coatings will also be briefly discussed.

II. Experimental

For the oxidation test in air, mullite coatings were applied
onto the two large faces of sic™ (2.5cm x 0.6cm x 0.15cm) or
sic/siCc composites™ (2.5cm x 1.25cm x 0.3cm) Dby atmospheric
pressure plasma spraying. Twenty hr-cycle tests were performed at
1200 and 1300°C and one hr-cycle tests at 1200°C. For the hot
corrosion test, mullite coatings were applied onto all six faces of
Sic. Coated coupons were exposed to a burner rig in a molten sodium
sulfate environment at 1000°C. Tested specimens were mounted and
polished for the post-test examination using scanning electron
microscopy (SEM). Hot corrosion specimens were polished using

kerosene to preserve water-soluble reaction products. Energy
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dispersive spectroscopy (EDS) was used for chemical analysis and x-

ray diffraction (XRD) was used for phase identification.

III. Oxidation Behavior in Air

Twenty Hour-Cycle Test

Figures 1 and 2 compare the 20 hr-cycle oxidation kinetics of
SiCc/SiC composite coated with new mullite and SiC without a coating
at 1200 and 1300°C, respectively. As a comparison, the isothermal
oxidation data of SiC/SiC composite! are also shown in Fig 2. The
isothermal oxidation rate agrees fairly well with the 20 hr-cycle
oxidation rate, indicating the absence of scale spallation in the
20 hr-cycle test. Figures 1 and 2 show that the new mullite coating
reduced the weight gain of SiC by a factor of about two at both
temperatures, indicating an improvement in the adherence and
thermal shock resistance of this coating. Also shown in Fig.2 is
the oxidation kinetics of SiC/SiC composite coated with
conventionally-sprayed mullite. The conventional mullite coating
did not reduce the weight gain of SiC, which is ascribed to the

coating’s poor thermal shock resistance.™!

Microscopic examination of the oxide scale is consistent with
the weight change measurements. Figures 3a, 3b, and 3c compare the
oxide scale cross sections of SiC without a coating, Sic/sic

composite coated with conventional mullite, and SiC/SiC composite



coated with new mullite, respectively, after sixty 20 hr-cycles at
1300°C. Note that the oxide scale under the new mullite coating is
substantially thinner than those on SiC without a coating and with
the conventional mullite coating, confirming the weight change
measurements. EDS analysis showed that the scale was in the form of
aluminosilicate with varying composition across the thickness.?
This is attributed to the dissolution of excess alumina from the

mullite coating into the silica scale.”

The surface and cross sections of conventional and new mullite
coatings on SiC/SiC composites after sixty 20 hr-cycles at 1300°C
are shown in Figs. 4a-4b and 5a-5b, respectively. Note the
substantially reduced number and size of the cracks in the new
mullite coating compared with the conventional mullite coating.
This again is indicative of the excellent thermal shock resistance
of the new mullite coating. The lack of oxidation protection by the
conventional mullite coating is due to the severe cracking.
However, it should be noted that mullite coatings typically show
through thickness cracks as seen in Figs. 5a and 5b. These cracks
can cause thermal or thermomechanical fatigue cracks in the
substrate in high frequency cycling over a long period. It should
also be noted that the aluminosilica scale can deleteriously change
interfacial properties such as CTE. Some voids are observed at
1300°C at the coating/substrate interface. The formation of voids
are presumably due to the bubbling of gaseous CO, generated as a

result of the oxidation reaction' and/or the reaction between the



excess carbon in SiC and silica!’. Substrate cracking due to through
thickness cracks or the change of interfacial properties due to the
formation of scale and/or voids may eventually control the lifetime

of the coating.

One Hour-Cycle Test

In addition to the 20-hr cycle tests, a series of 1 hr-cycle
tests were performed. Figure 6 compares the 1 hr cycle tests for
uncoated SiC and the same SiC coated with the new mullite coating.

Also shown is the 20 hr cycle oxidation data for Sic.

There are several significant observations from the 1 hr
cyclic data. Note the lower weight gain in uncoated SiC for the 1
hr cycle as compared to the 20 hr cycle. This suggests some scale
spallation in the 1 hr cyclic test, which is shown as a detached
scale in the cross section (Fig. 7). This is consistent with the
reduced rates observed in 1 hr cycling as compared to isothermal
and 5 hr cycling for SiC at 1300°C." Since the weight of the 1 hr
cyclic specimen did not exhibit abrupt changes, scale spallation is
microscopic. Smooth weight changes in the presence of minor scale
spallation are also observed in the cyclic oxidation of some
superalloys, such as MA956, which forms a slow growing scale of a-
Al,0,.' The reasons for microscopic scale spallation in 1 hr cycling
as compared to the lack of scale spallation in 20 hr cycling are

not clear. It may be that 20 hr cycling simply allows more time



for the cracks generated on cooling to heal.

The issue in this paper is the effect of the mullite coating
on 20 hr and 1 hr cyclic tests. Since 1 hr cycles seem to lead to
spallation, a good coating is particularly important in this case.
Sic coated with the new mullite showed a minor weight loss of about
0.15 mg/cm? over 500 hr. The surface of mullite coating has a large
number of spherical nodules with the size ranging from submicron to
several micron. The minor weight loss is presumably due to the
spallation of these small nodules from the surface during the high
frequency cycling. Note that the weight loss was not observed in
the lower frequency cycling (20 hr cycle). The minor spallation is
not expected to degrade the integrity of the coating for it is

limited to the surface.

Figures 8a and 8b compare the oxide scale on SiC without and
with mullite coating after 550 1 hr-cycle tests at 1200°,
respectively. Even with scale spallation on the specimen without a
coating, the oxide scale with the mullite coating was thinner than
that on SiC without a coating. This is an indication of the
excellent adherence and thermal shock resistance of the new mullite
coating in the 1 hr cycling. The new mullite coating improves
oxidation resistance of SiC by reducing the oxygen transport as

well as by preventing the scale spallation.

As already noted, mullite coatings develop through thickness



cracks during long-term cycling (Fig. 9). These cracks can
potentially initiate cracks in the substrate, leading to a strength
degradation. Another source of problem may be the silica-rich
alumino-silicate interfacial reaction layer, altering the close CTE

match. Current research is aimed at addressing these issues.

IV. Behavior in Oxidizing/Reducing Gases

Silica-forming ceramics can form the stable gaseous suboxide,
Si0 by two mechanisms'®: (1) Active oxidation where the total
pressure of the oxidant is insufficient to form Sio, and (2)
Oxidation/reduction where SiO, is formed by the oxidizing gases in
the atmosphere and immediately reduced to SiO(g) by the reducing

gases in the atmosphere.

The discussion here will focus on the behavior of mullite
coatings and its ability to prevent SiO(g) formation via the second
mechanism, as mixed oxidizing/reducing environments are relatively
common. Examples are H,0/H, ¥, co0,/c0 *, and in a fuel-rich
combustion chamber application®. In these cases, $iO(g) is

generated by the following reactions:

§i0, + H, = 8i0(qg) + H0(9)

§io, + CO = Sio(g) + CO,(9)
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The underlined SiO, means it is in solution with chemical activity
less then unity. Clearly the lower the activity of Sio,, the lower
the vapor pressure of SiO. Table I lists some activities of SioO,

in alumina-saturated mullite.®?

Unfortunately, the activity of silica in mullite is not
substantially less than unity. This gives only a slightly reduced
vapor pressure of SioO. Consider an actual application to
jllustrate the relative benefits of a mullite coating. Advanced
low pollution combustors involve a staged concept, where fuel is
first burned rich, then guenched, and finally burned lean.? The
rich burn portion presents a complex gas environment consisting of
both oxidizing gases (H,0, €O,) and reducing gases (H, co).
Computational thermodynamic analysis through the SOLGASMIX computer
code® can provide the expected vapor pressure of Si0 over Sio, as

well as the vapor pressure of SiO over alumina-saturated mullite.

In order to assess the durability of these materials, the
actual flux leaving the surface is needed. Consider a cylindrical
ceramic combustor liner, about 10 cm in diameter. The flux in
mass/(unit area-time) leaving the walls will 1lie between the
maximum possible flux into a vacuum (Langmuir flux) and the

boundary-layer limited flux, depending on the flow characteristics.

The Langmuir flux can be calculated from the Langmuir expression:

Here J is the flux in mass/(unit area-time), P is the vapor
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V2= MRT

pressure of SiO, M is the molecular weight of SiO, R is the gas

J=

constant and T is the absolute temperature. The boundary layer
limited flux can be calculated from the following correlation for

a hollow cylinder?®:

J= 0.026D,P sio(_V__y033 PVL)o.s

RTL PDgp

Here D, is the diffusivity of SiO, L 1is the diameter of the

cylinder, v is the viscosity of the gas, p is the gas density, and

v is the linear gas velocity. The results of a typical calculation
are shown in Figure 10. This illustrates the large range between
the Langmuir and boundary layer limited fluxes. It also shows the
limited benefit of the mullite coating in this situation,
suggesting the need for a coating of low silica activity or perhaps

another refractory oxide.
V. Corrosion by Molten Salt Deposits

In a variety of combustion environments such as heat engines
and heat exchangers, impurities in the fuel may lead to salt
deposits. It is well-known from experience with metals and alloys

that these deposits may lead to extensive corrosion.” The
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chemistry of the salt deposit is critical and quite dependent on
the application. This discussion will be limited to Na,SO, deposits
found in heat engines®, however many of the principles are

applicable to other salt deposits as well.

A deposit of Na,SO, decomposes by the reaction:

Na,SO, = Na,0 + SO,

The chemical activity of Na,0 is a critical issue--a low P(S0;) sets
a high activity of Na,0 (basic molten salt) and a high P(SO;) sets
a low activity of Na,0 (acidic molten salt). Various factors such
as fuel purity and carbon deposits influence the basicity of the
salt deposit. Silica is readily attacked by basic molten salts.
This leads to a low melting ligquid sodium silicate, which is no
longer a barrier to inward oxygen diffusion and to rapid oxidation

and corrosion!'?. The key reaction is:

$i0, + Na,0 = Na,0.2(5i0,)

There are a number of sodium silicates with melting points as low

as 1013 K.”

A lower activity of the Si0, species will limit the above
reaction. However, as shown in Table I, the activity of sio, in

mullite is not substantially less than unity. This lowered activity
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of silica is not enough to limit corrosion. However the presence
of alumina leads to ternary sodium-alumino-silicate compositions,
which have higher melting points than sodium silicates. The lowest

melting sodium silicate composition melts at about 1336 K.

Figure 11 shows the Na,0-Al,0,-Si0O, phase diagram”® with
compatibility triangles at 1273 K. The addition of Na,0 to this
system as a corrosive deposit is shown by the line drawn from
mullite to pure Na,0. Different points along this line correspond
to different activities of Na,0. Using the available thermodynamic
data®®%, the activity along this line can be calculated. Thus for
a given a(Na,0), product phases may be predicted. Figure 11 shows
a series of compatibility triangles with inferred joins.? In the
case of a high a(Na,0) at the gas/solid interface, a gradient of
a(Na,0) to the mullite is predicted and, in theory, many phases
could be formed. However, in practice, kinetic factors may limit
this. Also many of the silicates form solid solutions, which are
not considered in a compatibility triangle type calculation.

Nonetheless, phases can be predicted to provide general guidelines.

Table II shows the results for several corrosion tests on pure
mullite and mullite coated ceramics.? The P(SO,) above the deposit
was calculated from the NASA Chemical Equilibrium Code® which is a
free-energy minimization code particularly suited to fuels and
oxidants. The laboratory experiments were done by air-brushing a

thin film of salt on a coupon and heating with an overpressure of
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a particular gas to set an activity of Na0. Products were
identified by X-ray diffraction and in the case of the

mullite/Na,CO, sample, quantitative EDS.

Although the thermodynamic predictions provide guidelines, the
lack of agreement (as seen in Table II, phases predicted vs. phases
observed) suggests other factors must be considered. The
refractory corrosion literature indicates that the composition
Na,0.A1,0,.65i0, is rarely seen®, which implies a kinetic barrier. As
mentioned, these products are all solid and it may be that the
formation of a solid product from liquid Na,SO, and mullite is
simply quite slow. The important point is that acidic Na,so,, as is
typical of deposits in a Jet fuel burner, produces only limited
reaction. The basic molten salt produced a 15 um layer of sodium-

alumino-silicate solid solution.

Figure 12a shows a cross section of the mullite sample
corroded in the burner. It is compared to an uncoated SiC sample,
shown in Figure 12b. Clearly the coated sample does not show the
massive corrosion the uncoated sample does. This is attributed to
the lack of liquid products in the mullite/Na,0 case. Examination
of the sample in Figure 12a shows the sodium sulfate deposited in
small regions on the surface of the sample. Further examination of
the mullite/SiC interface revealed the presence of some sodium at
this interface. Over long times this could lead to sodium silicate

formation in this region and eventual debonding of the coating.
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Additional coating layers may be a solution to this problemn.

VI. Multilayer Coatings

As has been noted, through thickness cracks can potentially
initiate substrate cracking, leading to a strength degradation. The
silica activity in mullite is about 0.4, but sufficient to lead to
limited reactions in some corrosive environments. An interfacial
reaction zone may deleteriously change the interfacial properties.
Therefore, it may be desirable to further modify the coating. One
approach to modify the coating properties is to apply an overlay
coating to seal through thickness cracks and/or enhance the

environmental durability.

Alumina and zirconia-yttria are the most promising candidates
for overlay coating materials. Compared with mullite, alumina and
zirconia-yttria are less reactive in molten salt or water vapor and
more durable in reducing atmospheres.* Besides the superior
environmental durability, they will also provide an added thermal

barrier capability because of their low thermal conductivities.

There are, however, issues that must be addressed in the use
of an overlay coating. One issue is the CTE mismatch between the
mullite and the overlay coating. The large CTE mismatch between
mullite (5.4 x 10%c!)! and alumina (9 x 10%c!)¥ or zirconia-yttria

(12 x 10°Cc')¥ can induce a high residual stress and result in poor
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thermal shock resistance. The concept of compositionally-graded
coatings can be used to reduce the CTE mismatch in multilayer

coatings.3

Another issue is the phase stability of the overlay coating.
Alumina and zirconia have several different crystallographic
polymorphs.¥# The phase distribution, which is a function of
temperature and cooling rate, significantly affects the thermal
shock resistance and thus the lifetime of the coating. In zirconia
coatings, stabilizing the tetragonal phase by alloying with yttria
limits the detrimental phase transformation.®? In alumina coatings,
phase transformation and the resultant volume change is a critical
issue.*% plasma-sprayed alumina coatings are generally metastable
gamma-alumina with a small amount of alpha-alumina.® Extended
exposure of gamma-alumina coatings to temperatures above 1200°C
results in complete transformation to alpha-alumina.® This
transformation is accompanied by a volummetric contraction, causing
fragmentation of the structure and cracking.® Therefore, it may be
necessary to deposit the coating in the form of the alpha-alumina
phase to prevent the detrimental phase transformation during

service.

VII. Summary

Mullite coatings clearly limit oxidative consumption of sic,

wiht excellent adherence and thermal shock resistance. This is
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particularly true in the case of cyclic oxidation. In an
oxidation/reduction situation, mullite coating offers only a
limited benefit. Coated SiC shows substantially improved protection
against molten salt corrosion for short term exposure. However,
the penetration of salt into the coating/SiC interface is an issue
for long term operation. Multilayer coatings offer a potential

solution to some of these issues.
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Table I. Activities of SiO, in Al,0, saturated mullite.

l[ Temperature (K) " a(sio,) |

1200 .488
1400 .424
1600 .382
1800 .353
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Table II. Corrosion tests of mullite coated SiC and pure mullite at

1273 K.

Material

Corrodent

Phases*
Predicted

Phases
Observed

Mullite Burner--2 1.2 x 107 Mullite, Mullite,
coated ppm Na + Al,0,, Na,SO,
sic 0.05% S NAS,, NAS,
Fuel
Mullite Burner--2 1.2 x 107 Mullite, Mullite,
ppm Na + Al,0,, Na,S0O,
0.05% S NAS,, NAS,
Fuel
Mullite Na,S0,/100 3.04 x 10 Mullite, Mullite, l
ppm 802-02 A1203' Nast4 r
NAS,, NAS,
Mullite Na,S0,/10 2.74 x 10710 Mullite, Mullite,
ppm Al,0,, Al,0,, NAS,
502-02 NASG, NA52
Mullite Na,c0,/CO, | 8.06 x 107 | Mullite, | Mullite, P
A1,0,, N;A,S,
NAS,,
NAS @
¥ Al,05,
NaAlo, [

*N=Na,0, A=A1,0,, 5=510,
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Fig. 1. Cyclic oxidation of SiC and mullite-coated SiC/SiC at 1200°C with 20 h cycle.
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Fig. 2. Cyclic oxidation of SiC and mullite-coated SiC/SiC at 1300°C with 20 h cycle.



"HBut3eod 93TTTNW MBU:ID !HUTIRPOD DYITTTNU [RUOTJUIAUOD i (
‘pojeodunie *DHOOCT e S8T2AD-Ypz AIXTS
Is3Je DTS U0 2T7eDS 9pPTIXO JO SUOTIDIS S$SOIXD) ‘¢ "BT14

26



psnunuoy -

€ 014

27



panunuo)

€

614

28



‘Buneos aylNW Mau :q ‘Bujeod ey nw [BUOIIUBAUOD 8 "D00¢E ) 1B

$8[0Ad

Yoz Aixis Jale OIS/DIS uo Buileod sjjinw jo 8deuns ‘Bl

29



panuiuo)

14

614

30



‘6UIye0D BYINW Mau:q ‘Buneod ajnw [BUORUBAUOD:E "DO0E | 18 S840
-yoz Axis Jaye DIS/OIS uo Buieod aljNw Jo suondes sso1 °G Bi4

31



32

Fig. 5. Continued.
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Fig.6 Cyclic oxidation of SiC and mullite-coated SiC at 1200°C with 1 h cycle.
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Fig. 8. Continued.
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Flux of SiO(g)
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Fig. 10. Flux of SiO(g) leaving the surface of silica and mullite.
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